Abstract Studies on the feasibility of using delignified oil palm empty-fruit-bunch (OPEFB) fibres as a substrate for cellulase production by Chaetomium globosum strain 414 were carried out in shake-flask cultures containing different types and concentrations of nitrogen source. Peptone, as nitrogen source, gave maximum production of all the three main components of the cellulase complex (endoglucanase or carboxymethylcellulase, cellobiohydrolase or filter-paper-hydrolysing enzyme and -glucosidase), followed by yeast extract, urea, KNO 3 and (NH 4 ) 2 SO 4 . The maximum specific growth rate ( max ) of C. globosum strain 414 grown in medium containing OPEFB and peptone was 0.038 h )1
Introduction
The rate of production of cellulase, an inducible extracellular enzyme, is greatly influenced by nutrient medium composition. The three principal components of the cellulase enzyme system responsible for the enzymatic hydrolysis of lignocellulosic materials are endoglucanase, cellobiohydrolase and -glucosidase. Although the effect of different types of nitrogen source on cellulase production has been well investigated (Chaabouni et al. 1995; Tong and Rajendra 1992; Gottvaldova et al. 1982) , the effects of the concentrations of nitrogen sources on the ratio of the activities of different enzymes of the cellulase complex have not been well quantified. Reports on the levels of cellulolytic activities of cellulases produced by different strains are also limited.
A large number of fungi, isolated from compost heaps, have been screened for their abilities to convert wheat straw into fungal protein, and Chaetomium sp. was found to be the most efficient of all fungi isolated (Chahal et al. 1975) . Cellulases of Chaetomium globosum, a softrot fungus, have a higher affinity for the mycelium and residual wood substrate (Green 1980) , with or without an enzyme substrate, as compared to brown rot (Serpula lacrymans) and white-rot fungi (Coniophora puteana). The relative affinity of enzymes for the mucilage and substrate is thought to be responsible for characteristic decay morphologies of these types of fungi. Although Chaetomium sp. has been reported to be a cellulase producer with the ability to degrade cellulosic materials (Chahal and Hawksworth 1976; Sandhu and Puri 1988) , very little is known about its nutrient requirement and culture conditions for optimal production.
The lack of cheap and suitable substrates for cellulase production is one of the factors limiting the development of an economical process for the saccharification of waste cellulose. The palm oil production in Malaysia is projected to expand moderately at an annual rate of 4.5 % and the volume is expected to increase to over 20 × 10 6 tonnes by the year 2000. The fresh oil palm fruit bunch contains about 21 % palm oil, 6 %-7 % palm kernel, 14 %-15 % fibre, 6 %-7 % shell and 23 % empty fruit bunch (Ma et al. 1993) . The oil palm empty fruit bunch (OPEFB), obtained after stripping the fruit from the bunch, generated by the palm oil industry is about 7.3 × 10 6 tonnes annually (Chua 1991) . This large volume of agricultural waste has not been effectively utilized for its lignocellulosic materials and appears to be a viable alternative as a cheap source of substrate for cellulase production.
In this study, the effects of the concentration of different types of nitrogen source on the production of cellulases (endoglucanase, cellobiohydrolase and -glucosidase) by C. globosum strain 414 using delignified OPEFB fibre as carbon source are investigated separately. The information obtained is important in the improvement of yield and quality of cellulases produced by this fungus.
Materials and methods

Microorganism
Chaetomium globosum strain 414, obtained from Dr. Sepiah Muid, Malaysian Agriculture Research and Development Institute (MARDI), G.P.O. Box 12301, 50774, Kuala Lumpur, Malaysia, was used for cellulase production. The fungus was grown on potato/dextrose/agar (Difco) at 30 o C for 7 days for the development of green spores and then stored at 4 o C for subsequent use in inoculum preparations.
Media and fermentations
The basal medium described by Mandels and Weber (1969) was used with the nitrogen source added separately. Its composition was (g/l) KH 2 PO 4 2, MgSO 4 · 7H 2 O 0.3, CaCl 2 · 2H 2 O 0.3, CoCl 2 2, MnSO 4 · H 2 O 1.6, ZnSO 4 · H 2 O 1.4, FeSO 4 · 7H 2 O 5, and 2 ml/l Tween 80 and 1 ml/l trace element solution. The OPEFB obtained from the mill (Chuan Choon Group of Companies, Malaysia) was first shredded by grinding in a hammer mill (Janke and Kunkel) to fibres with an average length of 2 mm. It was delignified by soaking in 0.5 % (v/v) HNO 3 for 4 h followed by autoclaving at 121 o C for 5 min. The pretreated OPEFB was filtered, washed with distilled water until no traces of acid could be detected and then dried in an oven at 95 o C for 2 days. In all experiments, 10 g/l dry pretreated OPEFB was used as the carbon source. Different types of nitrogen source [(NH 4 ) 2 SO 4 , KNO 3 , yeast extract and peptone] at different concentrations (2, 6, 9 and 12 g/l) were added separately to the medium for each experiment while urea was added at concentrations of 0.5, 1, 2 and 6 g/l.
In all fermentations, 100 ml medium (pH 5.5) was dispensed into 500-ml shake flasks and inoculated with 5 ml spore suspension containing approximately 6 × 10 4 spores/ml. The flasks were incubated at 30 o C on a rotary orbital shaker (Ceratomat, B. Braun) agitated at 200 rpm for 12 days. Each experiment was carried out in triplicate. Samples were withdrawn at regular time intervals for analysis.
Partial purification of cellulase
The cellulase enzyme in culture filtrates obtained from a fermentation using 6 g/l peptone was partially purified by ammonium sulphate precipitation (Scopes 1988) . The precipitate was resuspended in 0.05 M sodium acetate buffer pH 5. Fractions from the ammonium sulphate precipitation were desalted on a column (2.5 × 30 cm) of Biogel P60 equilibrated with the same buffer (flow rate approx. 70 ml/h). Fractions with cellulase activities were collected, concentrated by ultrafiltration with Centriprep (Amicon) having 10 kDa molecular mass cut-off and then dried in a freezedryer. The freeze-dried enzyme was redissolved in the same buffer for use in the saccharification experiments.
Saccharification experiment
Enzymatic saccharification of delignified OPEFB was carried out in shake flasks incubated at 50 o C and agitated at 200 rpm. The reaction mixture contained 1 g OPEFB, 10 filter-paper units/ml cellulase preparation and 20 ml 0.05 M sodium acetate buffer (pH 5). Sodium azide (0.02 % w/v) was added to the reaction mixture to avoid bacterial contamination. Samples were withdrawn at regular intervals for analysis.
Analytical procedure
The gravimetric method as described by Goering and Van Soest (1970) was used to determine the hemicellulose, cellulose and lignin content in OPEFB fibres.
The culture sample withdrawn during the fermentation was centrifuged at 15 000 rpm for 15 min at 4 o C. The clear supernatant was analysed for the presence of glucose, nitrogen and cellulase activities. Since the separation of mycelium from OPEFB fibres is not possible, the chemical method based on the measurement of glucosamine was adopted to estimate the amount of mycelium (Ride and Drysdale 1972; Khan and Strange 1975) . This involves (i) the production of chitosan from fungal chitin and (ii) liberation of glucosamine from chitosan through a chemical reaction. Chitin is an insoluble linear polymer of -1,4-linked N-acetylglucosamine units, produced by most fungi but not found in plant tissues. The glucosamine concentration in the mycelia of C. globosum strain 414 was proportional to mycelial weight and remained constant throughout the growth phases of the organism.
Endoglucanase or carboxymethylcellulase (CMCase) activity was determined by measuring the reducing sugars produced from 2 % (w/v) carboxymethylcellulose while cellobiohydrolase or filterpaper-hydrolysing (FPase) activity was determined by estimating the reducing sugars liberated from filter-paper (Wood and Bhat 1988) . Both reactions were carried out in 0.05 M sodium acetate buffer at pH 5 and incubated at 50 o C for 30 min for CMCase and 1 h for FPase. One unit of CMCase and FPase activity was defined as 1 mol reducing sugar released ml enzyme )1 min )1 . -Glucosidase was determined using the method described by Wood and Bhat (1988) . In this method, the p-nitrophenol released from pnitrophenyl -D-glucopyranoside (Fluka) was measured using a spectrophotometer (Shimadzu, UV-1601 PC). One unit of -glucosidase activity was defined as 1 mol p-nitrophenol liberated ml enzyme
. Specific activity is defined as units/mg protein. Protein content is determined by the method of Lowry et al. (1951) using bovine serum albumin as a standard.
The reducing sugars were determined by the dinitrosalicylic acid method (Miller 1959) . The reaction between ammonia with phenol and hyperchlorite to produce blue colour was used in the estimation of ammonium sulphate (Fawcett and Scott 1960) . The Kjeldahl method was used to determine total nitrogen in the culture filtrate.
Results
Chemical composition of OPEFB
The chemical composition of untreated and delignified OPEFB fibres is given in Table 1 . Treatment of OPEFB fibres by soaking with 0.5 % HNO 3 for 4 h followed by autoclaving at 121 o C for 5 min reduced the lignin content from 10 % to 5.6 % and hemicellulose from 21.9 % to 5.8 %. However, the cellulose content increased from 50.4 % to 78.7 %.
Time course of batch cellulases fermentation
Typical time courses of cellulase production using delignified OPEFB fibres as substrate with five different types of nitrogen source are shown in Fig. 1 . In all cases, the mycelial growth reached its maximum level at 6 days of incubation. The maximum specific growth rate ( max ) of C. globosum strain 414 was dependent on the type of nitrogen source used and the highest value (0.038 h )1 ) was obtained when yeast extract and peptone were used as nitrogen sources. The patterns of CMCase and FPase production were almost similar and parallel to the growth curve. However, the production of -glucosidase occurred at a much later phase of growth and reached its maximum level during the stationary growth phase.
The culture pH increased with growth and became constant at the stationary phase, except when (NH 4 ) 2 SO 4 was used as the nitrogen source (Fig. 1) . The decrease in culture pH in fermentation using (NH 4 ) 2 SO 4 was due to ammonium ions, which were absorbed by the mycelium and subsequently inhibited the production of cellulase enzymes (Wang 1982) . In all cases, reducing sugars were not detected in the culture filtrate and this was one of the advantages of using OPEFB fibre as the carbon source for cellulase production. In cellulase fermentation by the same strain of fungus, using carboxymethylcellulose as carbon source, significant amounts of reducing sugars were detected in the culture filtrate (data not shown). Fig. 1A -E Typical time courses of cellulase production by Chaetomium globosum strain 414 in delignified oil palm empty-fruit-bunch (OPEFB) fibres using different types of nitrogen source: A 9 g/l (NH 4 ) 2 SO 4 ; B 9 g/l KNO 3 ; C 1 g/l urea; D 6 g/l yeast extract; E 6 g/l peptone. ᭹ Cell concentration; ᭝ filter-paper-hydrolysing (FPase) activity; ᭛ carboxymethylcellulose(CMCase) activity; ᭺; -glucosidase activity; ᮀ nitrogen; ᭢ culture pH
Effect of nitrogen sources
From the time course of each cellulase fermentation, using different types and initial concentrations of nitrogen sources, results on the maximum mycelial growth (X m ), the residual nitrogen concentration and the three main components of cellulase (CMCase, FPase andglucosidase) activities are shown in Table 2 . Maximum growth of C. globosum strain 414 was achieved when yeast extract and peptone were used as nitrogen sources, and inhibition of growth at high concentrations of these nitrogen sources was not observed. Yeast extract also contained a significant amount of carbon, vitamins and minerals and these might be one of the reasons for the higher X m value obtained. Growth was very poor when (NH 4 ) 2 SO 4 was used as the nitrogen source. Strong inhibition of growth, as indicated by a large decrease in X m and Y x/N with increasing concentrations of (NH 4 ) 2 SO 4 and urea, was observed.
Among the nitrogen sources investigated, peptone provided the maximum production of all three main components of the cellulase complex by C. globosum strain 414, followed by yeast extract, urea, KNO 3 and (NH 4 ) 2 SO 4 . -Glucosidase activity was not detected when (NH 4 ) 2 SO 4 was used as a nitrogen source. Yeast extract and peptone concentrations above 9 g/l were inhibitory to cellulase production. Cellulase production was also greatly inhibited at a urea concentration of > 1 g/l. However, the inhibition of cellulase production at increased concentration of (NH 4 ) 2 SO 4 and KNO 3 was not significant. The optimum initial concentrations of (NH 4 ) 2 SO 4 , KNO 3 , urea, yeast extract and peptone for the highest cellulase production by C. globosum strain 414 using 10 g/l delignified OPEFB fibres as carbon source were 9, 9, 1, 6 and 6 g/l respectively. The maximum activities of FPase, CMCase and -glucosidase obtained with 6 g/l peptone as nitrogen source were 1.4, 30.8 and 9.8 U/ml, which represented productivities of 10, 214 and 24 U l )1 h )1 . The effect of types and initial concentrations of nitrogen sources on the composition of the three components of cellulase are shown in Table 2 . The highest specific activities ratio of FPase : CMCase : -glucosidase (1 : 22 : 7) was obtained when 6 g/l peptone was used as a nitrogen source. Among the five nitrogen sources used, peptone gave the highest composition of -glucosidase with the ratio of FPase to -glucosidase in the range 6-7. However, a significant decrease in -glucosidase production was observed at high peptone concentration (12 g/l). It is also important to note that, when urea, yeast extract and peptone were used as nitrogen sources, a significant decrease in the composition of -glucosidase with increasing concentrations was observed, indicating that the production of -glucosidase was greatly inhibited at very high concentrations of organic nitrogen sources though growth was not inhibited. Table 2 Comparison of growth of Chaetomium globosum strain 414 and cellulase production in fermentations using delignified OPEFB fibres with different types of nitrogen source. X m maximum growth obtained during the fermentation, Y x/N calculated as maximum growth obtained divided by the amount of nitrogen consumed. The maximum enzymes activities obtained during the fermentation are shown: FPase filter-paper-hydrolysing enzyme, CMCase carboxymethylcellulose, and the final culture pH during the fermentation. Specific activity (U/mg) is calculated as enzyme activity (U/ml) divided by protein concentration (mg/ml) Saccharification of delignified OPEFB fibres using cellulase of C. globosum strain 414
A comparison of the effectiveness of partially purified cellulase of C. globosum strain 414, which has FPase, CMCase and -glucosidase activities of 15, 428 and 90 U/ml respectively, and a commercial preparation of cellulase from T. viride (Fluka) in the saccharification of delignified OPEFB is shown in Fig. 2 . This commercial enzyme was diluted to approximately the same FPase activity as cellulase produced by C. globosum strain 414, and it had FPase, CMCase and -glucosidase activities of 16, 960 and 21 U/ml respectively. The rate of reducingsugar production was very high during the initial stages of saccharification and became constant after about 5 days. Although the rate of saccharification of OPEFB by cellulases of C. globosum strain 414 was slightly lower than the rate obtained by commercial cellulase, the maximum amount of reducing sugars obtained was slightly higher. The maximum concentration of reducing sugar obtained at the end of the saccharification process was about 0.75 g/g OPEFB, which corresponded to about 68 % conversion of reducing sugars.
Discussion
A substantially large amount of a complete set of cellulases can be produced by C. globosum strain 414 when grown in deglinified OPEFB fibres and peptone as the carbon and nitrogen sources. Although the productivity (10 FPase U ml
) obtained in this study was lower than those reported by Hendy et al. (1982) , McLean et al. (1986) and Chaabouni et al. (1995) , which were in the range of 140-200 FPase U ml )1 h )1 , the maximum activities obtained during the fermentation were comparable to those reported in the literature.
The cellulases produced by C. globosum strain 414 contained a high level of -glucosidase. One of the problems related to the economic viability of the enzymatic hydrolysis of cellulose is due to low -glucosidase levels in the culture filtrates containing cellulase enzymes produced by many fungi (Woodward and Wiseman 1982; Ghani and Rickard 1990) . For example, T. reseei contained only about 0.2 % extracellular -glucosidase in the total amount of extracellular protein (Allen and Sternberg 1980; Ryu and Mandels 1980) . The ratio ofglucosidase to FPase for cellulases obtained in this study was in the range 6.0-7.0, while the ratios for T. reesei MCG 7 (Doppelbauer et al. 1987) , G. virens (Gomes et al. 1989) and P. occitanis (Chaabouni et al. 1995) were 0.44-0.83, 4-4.6 and 2.5 respectively. The most important property in the saccharification of cellulose is the ability of cellobiohydrolase to act synergistically with endoglucanase to hydrolyse crystalline cellulose, since neither is effective on its own. During the reaction, cellobiose is produced and becomes inhibitory to both types of cellulase and, hence, -glucosidase is required to hydrolyse cellobiose to relieve the inhibition.
One way to alleviate the effect of cellobiose inhibition on the overall hydrolysis is to supplement with exogenous -glucosidase (Mandels et al. 1981 ). A high -glucosidase level in cellulase was obtained by hyperproducing mutants of Dekkera intermedia and Candida wickerhamii (Leclerc et al. 1985) . Although Aspergillus ustus secreted extracellular cellulases with high levels of -glucosidase (Macris and Galiotou-Panayotou 1986) , the FPase activity was lower than the levels obtained in this study. T. reesei QM 6a, RUT-C30 and RL-37 secreted extracellular cellulases with high levels of FPase (Sheir-Neiss and Montenecourt 1984); however, the -glucosidase activity was lower than the levels obtained in this study.
It is also important to note that C. globosum strain 414 was able to grow and produce substantial amounts of cellulase in delignified OPEFB fibres, an inexpensive and an abundant carbon source, in a simple batchfermentation process. The yield and productivity achieved by this fungus may be improved by using other modes of fermentation, such as fed-batch or batch cultures with controlled culture conditions. Further treatments of OPEFB fibres, such as further reduction of the size and optimization of the medium with the addition of cellulase inducers, may also be used to improve the production of cellulase by C. globosum strain 414.
References
Allen AL, Sternberg D (1980) -glucosidase production by Aspergillus phoenicis in stirred tank fermentors. Biotechnol Bioeng Symp 10: 180-197 Fig. 2 The rates of saccharification of delignified OPEFB fibres by a cellulase preparation produced by C. globosum strain 414 and a commercial cellulase preparation. ᭺;᭹ Reducing sugar, ᭝᭡ percentage conversion; ᭺ ᭝ cellulase produced by C. globosum strain 414, ᭹᭡ commercial cellulase (Fluka)
